similar to that in Pseudomonas spp. Because of this nutritional versatility Caulobacter strains could be exploited to degrade various aromatic compounds.
MATERIALS AND METHODS
Organisms and growth conditions. C. crescentus SC1004 (a derivative of CB15) was obtained from B. Ely, University of South Carolina, Columbia. Strain SC1004 was grown in minimal media (M2), as described by Johnson and Ely (8) , or in basal salts medium (2) with constant shaking at 30°C. Peptone yeast extract (PYE) medium (Difco Laboratories, Detroit, Mich.) was used for some studies (8) . The concentration of aromatic compounds used was 0.05% (wt/vol), except for phenol (0.03%); glucose and acetate were used at 0.2%. Solid media contained 1.5% agar (Noble agar; Difco). Qualitative growth characteristics were determined by inoculating a loopful of cells, which were grown overnight in M2 acetate liquid medium, onto M2 agar plates containing various carbon sources. As a control, a loopful of the same culture was also inoculated onto a M2 agar plate lacking any added carbon source. The plates were incubated for 12 to 14 h to 3 to 5 days at 30°C and were checked for growth. When growth was seen the colonies were purified in PYE agar plates and rechecked for growth in both solid and liquid media containing the respective carbon sources. For liquid growth, baffled flasks (500 or 1,000 ml) containing 100 or 200 ml of M2 medium with the indicated organic compound were inoculated with a fraction (0.025%) of log-phase cells grown in M2 acetate medium. For quantitative growth rate determination, sidearm baffled flasks (500 ml) containing 100 ml of M2 medium (prewarmed to 30°C) with the respective carbon sources were inoculated with a fraction (1.0%) of early-logphase cells that were grown in the same carbon source. The flasks were then incubated on a rotary shaker (30°C) at 250 rpm. The A540 was monitored, and viable cells were counted by plating serial dilutions on M2 acetate or PYE agar plates. An absorbance of 0.1 unit was equivalent to approximately 2.5 x 107 viable cells per ml.
Cell extract and enzyme assay. Cells were grown overnight (10 to 12 h) in liquid medium (M2) with an appropriate carbon source to an A540 of 0.6 to 0.8 (mid-to late-log phase). They were harvested by centrifugation and washed once with 33 mM Tris hydrochloride buffer (pH 7.5). Approximately 1 g (wet weight) was suspended in 5 ml of 33 mM Tris hydrochloride buffer (pH 7.5) and disrupted with a French press. Cell debris was removed by centrifugation at 30,000 x g for 30 min. The supernatant was used as the cell-free enzyme source. Catechol 1,2-dioxygenase (C120; EC 1.13.11.1) and cis,cis-muconate lactonizing enzyme (MLE; EC 5.5.1.1) were assayed by the procedures described by Hayaishi et al. (7) and Ornston (12) , respectively. Protocatechuate 3,4-dioxygenase (EC 1.13.1.3) was assayed by the procedure described by Fujisawa (5) . Catechol 2,3-dioxygenase (C230; EC 1.13.1.2) was assayed both before and after heat treatment to inactivate C120. The cell extract was heated at 55°C for 10 min and cooled in ice, and the activity was measured by the method described by Nozaki (11) . This procedure was found to inactivate C120 activity of C. crescentus almost completely (>98% inactivation). Units of activity were as described previously (11) . Protein was estimated by the method described by Bradford (1 chloride buffer (pH 7.6) to an Aw of 1.0. Cells were toluenized by mixing 2 drops of toluene with 2 ml of the cell suspension. To this mixture, 20 ,umol of catechol or protocatechuate was added with brief vortex mixing. The mixture was incubated at 30°C with shaking for 20 min. (NH4)2SO4 (2 g) was added and mixed prior to the addition of 3 drops of 5% aqueous sodium nitroprusside (nitroferricyanide). Finally, 1 ml of concentrated NH40H was overlaid onto the mixed solution. A strong violet-colored ring developing at the interface after 1 to 2 min was a positive indication of the presence of P-ketoadipate.
Oxygen uptake experiment. Rates of oxygen uptake were measured polarographically with an oxygen electrode (Clark). Cells were harvested from mid-to late-log phase cultures suspended in 50 mM phosphate buffer (pH 7.0). A stock of 50 mM phosphate buffer was continuously aerated and maintained at a constant temperature of 30°C in a water-jacketed vessel. The cell suspension was added to the chamber (2 ml) to an A540 of 0.6. After 3 to 5 min of endogenous oxygen uptake, the reaction was started by injecting the substrate to a final concentration of 2 mM (except for catechols, which were added to a final concentration of 0.1 mM).
Chemicals. Most of the chemicals used in this study were commercially available. 4-Chlorocatechol and cis,cismuconate were obtained from K. Ngai, Yale University, New Haven, Conn., and methyl catechols were kindly provided by P. Chapman, University of Minnesota at Minneapolis, St. Paul.
RESULTS
Growth on various aromatic compounds. C. crescentus was able to grow in the presence of benzoate, p-hydroxybenzoate, phenylacetic acid, and L-tyrosine as the sole source of carbon and energy, with doubling times of 2, 3, 4, and 4 h, respectively (Table 1) . These substrates (sole carbon and energy source) supported uniform confluent growth on M2 agar plates after 12 to 14 h of incubation, which was similar to growth observed on M2 agar plates containing glucose or acetate. The doubling time in glucose-supplemented medium was found to be 2.5 h. The organisms grew as distinct isolated colonies on phenol, L-phenylalanine, L-tryptophan, and m-hydroxybenzoate after 3 to 5 days of incubation. Interestingly, two different-sized colonies were observed. A rough approximation indicated that small colonies, which comprised 10 to 15% of the total, were formed at a frequency of -10-6 of the plated cells. Control agar plates without an added carbon source were inoculated with the organism but failed to produce any colonies after 7 days of incubation. Large colony types grew faster than the smaller colony types in the respective carbon-containing liquid media ( Table 1) . The smaller colonies were found to mutate to larger colony types at very high frequencies (-10-3) . It is interesting that large and small colonies had different growth rates in medium containing most aromatic test substrates, but they both grew at similar rates in medium containing benzoate. Aromatic compounds that did not support any detectable growth of C. crescentus included 3-or 4-chlorobenzoate, salicylate, m-toluate, toluene, m-or p-xylene, and resorcinol.
Rates of oxygen uptake. Rates of oxygen uptake by intact cells have been used as an indirect and approximate measurement of enzyme specificity in Pseudomonas putida (20) . Similarly, we used the relative rates of oxygen uptake by whole cells with benzoic acid, different substituted benzoic acids, and substituted catechols as a measure of enzyme specificity.
The results of oxygen uptake experiments are shown in Table 2 . Cells grown in benzoate showed significant oxygen uptake when incubated with benzoate and catechol; measurable but low oxygen uptake on 4-chlorocatechol, 4-methylcatechol, and 3-methylcatechol; and no apparent uptake on 3-chlorobenzoic acid, 4-chlorobenzoic acid, and m-toluic acid. Cells grown in acetate showed no oxygen uptake with any substrate tested (data not shown). Cells grown on PYE showed measurable oxygen uptake with catechol only but not with the other substrates that were tested (data not shown). Cells grown with p-hydroxybenzoate showed significant oxygen utilization with protocatechuic acid but no oxygen utilization with catechol or other test substrates.
Catabolic enzyme activities in cell extracts. To determine the pathway of benzoate metabolism in C. crescentus, we measured the enzyme activity in cell extracts. Benzoate 1,2-dioxygenase (BO), C120, C230, and MLE activities were measured under benzoate-induced and uninduced conditions (Table 3 ). The results indicate that the three enzymes BO, C120, and MLE are inducible. No activity could be detected in cells grown in acetate. However, measurable C120 and MLE activities could be detected when the cells were grown in PYE medium. The activity of C230 could not Specificity of C120 in cell extracts. Substrate specificity of C120 was examined by using catechol and substituted catechols with extracts of C. crescentus and P. putida (Table  4 ). The relative rates of oxidation of catechol, 4-methylcatechol, 4-chlorocatechol, and 3-methylcatechol were 100:27:15:5, respectively, for C. crescentus. The relative rates of oxidation of such compounds with extracts of the fluorescent pseudomonad were determined to be 100:82:17:6, respectively. The rate of cleavage of 4-methylcatechol by purified C120 from P. putida was also shown to be very similar to that of catechol (10) . In this respect, the C120 in C. crescentus seems to be different from that of Pseudomonas spp. However, like P. putida (10), C120 derived from C. crescentus grown in benzoate showed no activity toward protocatechuic acid.
DISCUSSION
It has been reported that, although Caulobacter spp. can metabolize certain aromatics, including p-hydroxybenzoate, they are unable to utilize benzoate as the sole carbon and energy source (14) . In this study we demonstrated that C. crescentus readily utilizes benzoate and p-hydroxybenzoate as sole carbon and energy sources and can also utilize various other aromatic compounds that have not been tested previously. It should also be noted that growth on phenol is not a property of all cells but appears to require some mutation for rapid growth. Such a mutation, however, did not impair the growth rate with benzoate because growth rates in liquid cultures inoculated from small and large colonies were identical. Similar mutational events were also seen with m-hydroxybenzoate, L-phenylalanine, and L-tryptophan as sole substrates. It is possible that such mutations affect the uptake mechanism for these compounds.
Our results demonstrate that benzoate and phenol are metabolized through catechol and ortho fission (Tables 2 and  3 ). p-Hydroxybenzoate was metabolized via protocatechuate. Protocatechuate was further metabolized through the P-ketoadipate pathway, as is the case in fluorescent pseudomonads (19) . Enzyme activities of cell extracts and oxygen uptake studies of whole cells showed that the catabolic enzymes of cells grown in benzoate are inducible because no activity could be detected in cells grown in acetate. A relatively high level of both of the enzymes C120 and MLE was detected in cell extracts prepared from cells grown in PYE. It is possible that some compound that was present in the yeast extract or peptone acted as an inducer (Table 3 In fluorescent pseudomonads, cis,cis-muconate is the inducer of C120, MLE, and the isomerase of catechol metabolism, whereas protocatechuate is the inducer of protocatechuate 3,4-oxygenase and the later enzymes are coordinately induced by ,B-ketoadipate (13) .
Within the limitation of intact cell assays, the substrate specificities of the benzoate-degrading enzymes from C. crescentus appear to differ from those of fluorescent pseudomonads. BO from C. crescentus showed no oxidation of 3-chlorobenzoate (Table 2) . However, BO from Pseudomonas spp. readily oxidizes 3-chlorobenzoate (91, 6; unpublished data). On the other hand, results of our cell extract studies showed that catechol and 4-methylcatechol are utilized at similar rates by C120 of P. putida (Table 4) , a result that is in good agreement with previously published data (10) . Cell extracts of C. crescentus, however, showed more limited C120 activity toward 4-methylcatechol.
The results presented here suggest that C. crescentus has the ability to degrade a variety of aromatic compounds and that its degradative mechanisms and regulation are very similar to those of Pseudomonas spp. They suggest that caulobacters might be exploited to remove organic pollut- 
